Allosteric regulation of proteins by conformational change is a primary means of biological control. Traditionally it has been difficult to identify and characterize novel allosteric sites and ligands that freeze these conformational states. We present a site-directed approach using Tethering for trapping inhibitory small molecules at sites away from the active site by reversible disulfide bond formation. We screened a library of 10,000 thiolcontaining compounds against accessible cysteines of two members of the caspase family of proteases, caspase-3 and -7. We discovered a previously unreported and conserved allosteric site in a deep cavity at the dimer interface 14 Å from the active site. This site contains a natural cysteine that, when disulfide-bonded with either of two specific compounds, inactivates these proteases. The allosteric site is functionally coupled to the active site, such that binding of the compounds at the allosteric site prevents peptide binding at the active site. The x-ray crystal structures of caspase-7 bound by either compound demonstrates that they inhibit caspase-7 by trapping a zymogen-like conformation. This approach may be useful to identify new allosteric sites from natural or engineered cysteines, to study allosteric transitions in proteins, and to nucleate drug discovery efforts. C aspases are highly regulated cysteine proteases that cleave specific aspartate-containing substrates with exquisite specificity (1). As critical mediators of apoptosis and the inflammatory response they represent an important class of drug targets for stroke, ischemia, cancer, and inflammatory diseases (2). The active sites of all caspases stringently prefer an electrophilic carbonyl and an aspartyl functionality that have frustrated drug discovery efforts (3-7), so despite their biological significance in cell death and survival, to date no caspase-directed therapies are available. Given the weighty consequences in cell survival for inappropriate activation, caspases are known to be regulated by both binding to inhibitor of apoptosis proteins (IAPs), and by proteolytic cleavage during zymogen activation (8).
C
aspases are highly regulated cysteine proteases that cleave specific aspartate-containing substrates with exquisite specificity (1) . As critical mediators of apoptosis and the inflammatory response they represent an important class of drug targets for stroke, ischemia, cancer, and inflammatory diseases (2) . The active sites of all caspases stringently prefer an electrophilic carbonyl and an aspartyl functionality that have frustrated drug discovery efforts (3) (4) (5) (6) (7) , so despite their biological significance in cell death and survival, to date no caspase-directed therapies are available. Given the weighty consequences in cell survival for inappropriate activation, caspases are known to be regulated by both binding to inhibitor of apoptosis proteins (IAPs), and by proteolytic cleavage during zymogen activation (8) .
In response to apoptotic stimuli, the initiator caspases are activated and proteolytically process the executioner caspases-3, -6, and -7. Proteolytic cleavage of the executioners at one site releases a pro-peptide. A second cleavage generates a large and a small subunit and is the essential event in executioner caspase zymogen activation (Fig. 1A) , enabling them to cleave downstream targets, which ultimately results in cell death. Caspase substrate-binding regions are composed of four flexible loops, two of which are generated by the proteolytic cleavage. Three of the substratebinding region loops (L2, L3, and L4) are in one half of the dimer, but interaction of L2Ј from the opposite half of the dimer is crucial for forming the substrate-binding groove (9) . Thus, although all caspase inhibitors reported to date have relied on inactivating the active site directly, molecules that prevent proper formation of the substrate-binding region or that engage the L2Ј loop could be useful caspase-based therapeutics.
To explore alternate small-molecule-binding sites that may regulate the caspases, we used Tethering ¶ to search for chemical fragments that bound near existing surface cysteines. Tethering is a method of fragment discovery that relies on reversible formation of a disulfide bond between a native or engineered cysteine residue in the protein and a member of a library of thiol-containing fragments. Productive binding fragments are captured under equilibrium conditions by reversible thioldisulfide interchange (10) . Fragments from Tethering have been used to nucleate and augment the identification of potent compounds that target both enzymes and protein-protein interfaces (10) (11) (12) (13) (14) . We present this work on the caspases as an approach for the simultaneous discovery of an allosteric site and compounds that affect this site.
Materials and Methods
Compound Identification. The large and small subunits of caspase-3 were overexpressed separately, renatured, and purified according to standard procedures (15). 2-(2,4-Dichlorophenoxy)-N-(2-mercapto-ethyl)-acetamide (DICA) was identified by Tethering (10) in a screen for caspase-3-binding compounds. The screening reaction included 5 M caspase-3, 10 mM 2-mercaptoethanol, and 0.1 mM DICA in a pool of nine compounds (0.1 mM each) in TE buffer (10 mM Tris͞1 mM EDTA, pH 8.0). Reactions were allowed to proceed to equilibrium (Ն1 h) before being analyzed by mass spectrometry. The difference in molecular weight between the unmodified (11, 895) and the modified (12,175) small subunit indicated that a single molecule of DICA bound to caspase-3. 5-Fluoro-1H-indole-2-carboxylic acid (2-mercapto-ethyl)-amide (FICA) was discovered in a screen for inhibitors of apoptosis by a previously described caspase-3-dependent apoptosis assay in HeLa cell extracts (16) . Components of the apoptosis assay (caspase-9, caspase-3, and cytochrome c) were tested for FICA modification by liquid chromatography͞mass spectrometry; only the caspase-3 small subunit was modified. The mutations C184S and C264S were introduced into the small subunit of caspase-3 by oligonucleotide-directed mutagenesis, and protein was expressed and purified as above. Binding of FICA and DICA to the wild-type and mutant caspases was assessed by mass spectrometry. The inhibitory effects of FICA and DICA depend on the presence of the disulfide, because thiol-free analogs lost their inhibitory properties at the range of concentrations where the compounds were soluble (data not shown). This dependence is not surprising because binding affinities for such small and nascent noncovalent fragments is typically weak with K d values ranging from the mM to high M range. Nevertheless, weak fragments like these can be advanced to free-standing ligands through medicinal chemistry or Tethering with extenders (17) .
Caspase Modification. Time, reductant, and compound concentrations were covaried within the ranges listed to induce various levels of modification. Caspase-3 or -7 (4 M) in TE buffer was incubated for 1-3 h with 0.1-5 mM 2-mercaptoethanol, 0.05- To observe mutual exclusivity, after the first modification, the second compound was added and incubated an additional hour. Modification of both small and large subunits was measured by using a QSTAR Pulsar-i, quadrupole time-of-flight mass spectrometer (Applied Biosystems͞MDS Sciex). We assumed uniform ionization of the modified and unmodified caspase and routinely observed SD of Ϯ2% for modification.
Activity Assays. For activity assays, Ϸ1.6 nM modified or unmodified caspase-3 was added to reaction buffer (25 mM Hepes, pH 7.4͞0.1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS)͞50 mM KCl͞5 mM 2-mercaptoethanol). Addition of 5 M fluorogenic substrate, Ac-DEVDaminof luorocoumarin (Alexis Biochemicals, San Diego), initiated the reaction. Assays were performed on a Microplate Spectrofluorometer GeminiXS (Molecular Devices) with an excitation wavelength of 365 nm and an emission wavelength of 495 nm. Kinetic data were collected over a 7-min assay run at room temperature. Caspase-7 assays were performed similarly in a buffer containing 10% polyethylene glycol 400, 5 mM CaCl 2 , 100 mM Hepes (pH 7.0), 0.1% CHAPS and 5 mM 2-mercaptoethanol.
Caspase-7 Purification and Crystallization. The caspase-7 large subunit expression plasmid pJH08 was created by subcloning the PCR-amplified coding sequence for residues 57-198 from a procaspase-7 expression plasmid (a gift from G. Salvesen, Burnham Institute, La Jolla, CA) into pRSET (amp r , Invitrogen). The D192A mutation was introduced by oligonucleotide-directed mutagenesis to limit heterogeneity from self-proteolysis. The small-subunit-coding sequence for caspase-7 residues 210-303 plus the amino acids QLH 6 was introduced into pBB75 [a gift of Y. Shi (Princeton University, Princeton, NJ), kan r ] to generate pJH07. Another version of caspase-7 large (D169A mutation to limit self-proteolysis) and small subunits was coexpressed from two plasmids (provided by Y. Shi) (9) . Both versions of caspase-7 were purified as described (9) .
Caspase-7 (10 M) was labeled for crystallography by incubation at room temperature in TE buffer in the presence of 100 M DICA and 500 M 2-mercaptoethanol (D169A caspase-7) or 50 M FICA and 250 M 2-mercaptoethanol (D192A caspase-7) until 100% complete labeling by mass spectrometry was observed, usually for 1 day for DICA or 2-6 days for FICA. Excess reductant and compound were removed by size-exclusion chromatography, and labeled protein was exchanged to buffer containing 10 mM Tris (pH 8.0), 100 mM NaCl and concentrated to 12 mg͞ml. Crystals of caspase-7 and FICA or DICA formed in 1 week by hanging-drop vapor diffusion at 4°C from a drop containing 1 l of protein and 1 or 2 l of a mother-liquor solution (100 mM citrate buffer, pH 5.8͞1 M LiSO 4 ͞1 M NaCl). Crystals were transferred to a drop of the growth mother liquor containing 20% glycerol and incubated overnight at 4°C. The crystals were then flash-frozen in liquid nitrogen.
Structure Determination and Refinement. Data for the DICA͞ caspase-7 complex were collected on a Rigaku generator with an Raxis-4 detector and processed with D*TREK (18) . The data for FICA͞caspase-7 were collected at Stanford Synchrotron Radiation Laboratory Beamline 9-1 on a Quantum-315 chargecoupled device camera (ADSC, Poway, CA). Data were processed with CCP4-MOSFLM and SCALA (19) . The structures were solved by direct molecular replacement by using the structure of active caspase-7 (PDB ID code 1K86) and rigid body refinement in CCP4-AMORE (19) . Structures were refined by iterative rounds of molecular rebuilding in O (20) and energy minimization in CCP4-REFMAC (19) . No waters were included in the final models. The crystallographic refinement statistics are acceptable (Table 1) .
Results and Discussion
Active caspases-3 and -7 contain five surface-exposed cysteines in addition to the catalytic cysteine. Using Tethering to screen a library of Ϸ10,000 disulfide-containing fragments by mass spectrometry and functional inhibition, we discovered just two classes of compounds that specifically bound and inhibited caspase-3: DICA and FICA (Fig. 1B) . Mass spectrometry analysis showed that both compounds bound to a single cysteine residue in the small subunit of caspase-3. The Rfree was calculated for 5% of reflections randomly excluded from the refinement. fact that they did not bind to the active-site cysteine on the large subunit, which likely has a reduced pK a (21), underscores the specificity for binding to the small-subunit cysteine. To locate the cysteine on the small subunit of caspase-3 that captured FICA and DICA, the two solvent-exposed cysteines (C184 and C264) were separately mutated to serine. Both compounds bound to the C184S mutant but neither modified the C264S mutant, indicating that the compounds bound specifically at C264. Peptide mapping confirmed these results (data not shown).
To characterize the functional effects of these modifications, we measured the activity of caspase-3 modified with FICA or DICA. The level of caspase-3 inhibition correlates with the amount of covalent modification of C264, indicating a tight causal relationship (Fig. 1C) . Cysteine 264 sits in a deep cavity at the dimer interface 14 Å from the active-site cysteine (Fig.  1D) . Binding of FICA or DICA did not cause dissociation of the dimer to inactive monomers by size-exclusion chromatography (data not shown), thus ruling out dimer dissociation as a mechanism of inhibition.
Caspase-3 and -7 share 53% sequence identity, high structural similarity (22) , and nearly identical substrate preference (5). Moreover, 100% (16 of 16) of residues with side chains facing the central cavity are identical. The analogous cysteine on the small subunit is conserved between the executioners, caspase-3 (C264) and caspase-7 (C290), but is absent in the initiator caspases (caspase-8 and -9) and the inf lammatory caspase (caspase-1). Indeed we found that FICA and DICA both bound to caspase-7 C290 and inhibited the enzyme quantitatively (Fig. 1C) . Modification of caspase-3 or -7 at the central cavity by FICA or DICA prevented binding at the active site by the peptide substrate mimic, DEVD (Fig. 2) . Protein that was partly or fully modified with FICA or DICA was proportionately unable to bind DEVD and vice versa. The order of labeling did not affect the result, and the sum of the modification at both sites never exceeded one per monomer (100%). Thus, both caspase-3 and -7 are inhibited by FICA and DICA in manner that is mutually exclusive with binding at the active site.
To understand the mechanism underlying the inhibition and mutual exclusivity, we determined the crystal structures of caspase-7 bound by either FICA or DICA. The compounds are well ordered within the large central cavity (Figs. 3 A and B) . Interestingly, the compounds show very different modes of binding. The FICA on chain A interacts with Y223 on chain B in a trans-mode (Fig. 3C) . Two FICA molecules fill the central cavity in a planar, edge-to-edge fashion, forming two intermolecular hydrogen bonds. In contrast, DICA on chain A interacts Fig. 2 . Modification by allosteric compounds is mutually exclusive with active-site peptide inhibitor binding. Wild-type caspase-3 or -7 was incubated with increasing concentrations of FICA or DICA, (small-subunit modifiers), or the peptide inhibitor carbobenzyloxy-DEVD-fluoromethyl ketone (DEVD, active-site modifier). After modification by the first compound, the second compound was added. After the first round of labeling, only unlabeled caspase molecules were reactive toward the second compound so that the percent modification never was observed to exceed 100%. The extent of modification was assessed by mass spectrometry (triplicate assays, SD 0.8 -2.6%). exclusively with chain A Y223 in a cis-mode (Fig. 3D) . The DICA molecules pack against the walls of the cavity, separated by 7 Å. The central cavity, which is open when the active site is occupied, is covered by the L2Ј loops, which contact FICA or DICA directly, and fill the central cavity (Figs. 3 E and F) . The structures of caspase-7 bound with FICA or DICA show virtually identical protein conformations (rms deviation ϭ 0.66 Å). Thus, even though the small molecules bind differently in the cavity, they trap the same inactive enzyme conformation. Furthermore, although the binding site for the inhibitors does not overlap with the substrate-binding site, the inhibitors exhibit mutually exclusive behavior, which further highlights the tight coupling between the central cavity and active site.
Comparing the structure of the DICA-inhibited enzyme to wild-type caspase-7 bound to a substrate mimic (Fig. 4A) , one can see that DICA distorts the active site so that it is no longer compatible with substrate binding or catalysis. A key structural feature that links binding to inactivation is that the compounds displace Y223 from the active conformation in the central cavity (Fig. 4B ). This in turn pushes R187 out of the cavity and into a position that both sterically occludes substrate binding and moves the catalytic cysteine C186 by 3.7 Å (Movie 1, which is published as supporting information on the PNAS web site). These movements are coupled to conformational changes in the active-site loops (Fig. 4C and Movie 2, which is published as supporting information on the PNAS web site). FICA induces the same conformational changes despite its different binding mode. Thus, these inhibitors inactivate the enzyme at three levels: the relative orientation of the catalytic residues C186 and H144, steric exclusion for substrate binding by R187, and gross distortions of the substrate-binding loops. The fact that these large propagated movements directly couple the conserved central cavity to the catalytic site suggests that this cavity has features of an allosteric site.
The large conformational changes induced by FICA and DICA are remarkably similar to those seen in a naturally inactive form of caspase-7, namely, procaspase-7. The caspase substratebinding region is composed of four flexible loops (9) . Three loops, L2, L3, and L4, are from one chain, but the interaction with the L2Ј loop from the opposite chain is essential for stabilizing the active site in a catalytic competent form. In the presence of FICA or DICA, the L2Ј loop is pinned over the allosteric site, away from the substrate-binding site, locking it in a catalytically incompetent form (Fig. 3 E and F) . Without the L2Ј loop in place, the L2 loop from the opposite chain rotates away from the active site (Fig. 4C) . As a result L3 adopts a vertically elongated structure that is partially disordered rather than forming a flattened wing beneath L2. FICA and DICA induce L4 into a disordered state similar to the zymogen. These changes in the substrate-binding site can be visualized in a movie showing the transformation from zymogen to active to allosterically inhibited caspase-7 (Movie 2).
To quantify the structural changes induced in the loops and catalytic dyad, we calculated the rms deviations for atom positions relative to the caspase-7͞DICA structure (Fig. 4D) . The allosterically inhibited structure is most similar to the zymogen and most different from the active structure, so it appears that the allosteric inhibitors work by inducing a natural state of the protein, that of the procaspase zymogen. The concept of maintaining a zymogen in an inactive state through active-site motion or disorder is not unique to the caspases. The zymogen forms of the serine proteases trypsinogen and chymotrypsinogen are also more disordered and flexible in the inactive state; they only become properly ordered when matured to the active state (23) (24) (25) . Allosteric peptide inhibitors of factor VIIa, a serine protease involved in the blood coagulation cascade, function by conversion of the active protease to a zymogen-like conformation (26) . What makes this caspase-7 case particularly interesting is that these small molecules are capable of inducing a natural zymogen-like transition in a proteolytically processed, active protease.
The deep central cavity in the executioner caspases, caspase-3 and -7, also appears in other initiator and inflammatory caspases (Fig. 5) . The central cavity is smaller in the caspase-1 and elongated in the caspase-2 and caspase-8 structures. In caspase-2, a critical disulfide bond can form across the central cavity, suggesting that this region may also be involved in caspase-2 regulation (27) . Thus, it is tempting to speculate that the central cavity in many caspases may serve as an allosteric site for an as yet undiscovered natural regulator. Caspase-9 is regulated differently from the executioner caspases, is inactive as a monomer, and becomes active upon dimerization regardless of proteolytic processing. Although caspase-9 lacks a central cavity (28) , the BIR3 domain of XIAP, a natural caspase-9 inhibitor, binds to the same region of the dimer interface and inhibits by preventing dimer formation (Fig. 5) (29) , also mimicking an inactive or zymogen state. The deadly nature of caspases has necessitated the evolution of many levels of regulation to ensure activity only at the appropriate times. This allosteric site may represent an additional level of native regulation.
Active sites of enzymes such as proteases and phosphatases are challenging sites for drug discovery. In caspases, for example, it has proven difficult to find drug-like caspase inhibitors because of a strong preference for an acidic side chain and an electrophilic functionality to bind at the active site (5). Allosteric sites provide appealing alternatives for drug discovery because the chemical properties for binding are different from active-sitedirected compounds and may allow more opportunities for alternate chemotypes and selectivity (26, (30) (31) (32) (33) (34) 40) . Unfortunately, allosteric sites are more difficult to characterize and target, and natural chemical starting points are often unknown. The site-directed aspect of Tethering provides a powerful aid to locate and target such sites. Although the present example exploited natural cysteines, the Tethering process has been widely applied to capture small fragments that bind to engineered cysteines at both protein active sites and protein-protein interfaces (17, 35) . Simultaneously, fragments from Tethering can be used to determine the mechanism of allosteric inhibition at newly discovered sites, and provide chemical starting points to jump-start the drug discovery process.
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